Taxonomic and systematic studies of the woody bamboos are traditionally based on¯oral morphology, which can cause problems in identi®cation due to the lack of, or infrequent,¯owering. Limited studies have been conducted using molecular techniques to overcome this problem. In this study, we used ampli®ed fragment length polymorphisms (AFLPs) to conduct a study of four genera of bamboos (Bambusa, Dendrocalamus, Gigantochloa and Thyrsostachys) in the subtribe Bambusinae. AFLP analysis using eight primer combinations was carried out on 15 species of bamboo. Results showed that AFLPs distinguish the dierent species by their unique banding patterns. Unique AFLPs were detected in 13 of the 15 species examined. The six Bambusa species examined separated into two clusters. The six Gigantochloa species studied formed a discrete cluster diverging from one of the Bambusa clusters, while Thyrsostachys was less similar to the Bambusa clusters. The similarity index between B. lako and G. atroviolacea was the highest, suggesting that B. lako is more appropriately included within the genus Gigantochloa rather than the genus Bambusa. The two Dendrocalamus species examined were very dierent with D. brandisii clustering within one of the Bambusa clusters and D. giganteus appearing as a very distant species. These results support the contention that critical study of the genus Dendrocalamus is required. The use of AFLPs for identi®cation of particular bamboo species, as well as for the study of relationships within the subtribe, will be useful for industrial purposes and for systematic studies.
INTRODUCTION
The bamboo subfamily, Bambusoideae, is one of the ®ve subfamilies of the grasses (Poaceae) (Soderstrom and Ellis, 1986) . The Bambusoideae are currently divided into the tribes Bambuseae and Olyreae; woody bamboos (Bambuseae) consist of approx. 77 genera and 1030 species worldwide (Drans®eld and Widjaja, 1995) . The supertribe Bambusodae is further subdivided into nine subtribes, one of which is Bambusinae, consisting of ten to 13 genera, found mostly in tropical Asia (Drans®eld and Widjaja, 1995) . Bamboos are vital to many Asian economies, having important uses ranging from domestic items to rural housing and raw materials for industry (Drans®eld and Widjaja, 1995) . However, overexploitation and genetic erosion of bamboo species have made it necessary to collect germplasm for conservation purposes. In line with the collection of germplasm, greater attention is needed in the classi®cation and identi®cation of bamboos (Rao and Rao, 1995) .
Basic knowledge of the biology and genetics of bamboo is severely lacking. This is a direct result of the unusual life cycle of bamboo. Among bamboo species, the vegetative growth phase varies from 1 year to as long as 120 years, and some species have never been known to¯ower (Janzen, 1976) . Identi®cation of sterile plants is therefore problematic as taxonomic studies of bamboos have traditionally depended heavily on in¯orescence and¯oral morphology because: (1) vegetative characters are often environmentally in¯uenced, which makes them less constant for systematic purposes (Wu, 1962) ; (2) characters that delimit species may be more subtle and not available for study; and (3) bamboo clones found in Asia are selected for economic value and are widely distributed without proper identi®cation at the species level. The application of modern molecular techniques is therefore of great assistance in species identi®cation.
However, application of molecular techniques for the study of genetic diversity in bamboo has been limited. Studies include the use of restriction fragment length polymorphisms (RFLP) in Phyllostachys Kochert, 1991, 1994) , isozyme analysis of a limited selection of bamboos from ®ve genera (Heng et al., 1996) , chloroplast DNA phylogeny of Asian bamboos (Watanabe, Ito and Kurita, 1994) and world bamboos (Kobayashi, 1997) , and the use of chloroplast rpl16 intron sequences in determining phylogenetic relationships within the genus Chusquea (Kelchner and Clark, 1997) .
A novel PCR-based assay for plant DNA ®ngerprinting, ampli®ed fragment length polymorphisms (AFLPs), has been developed recently, which reveals signi®cant levels of (Vos et al., 1995) . It is a robust and reliable genetic molecular marker assay and the number of polymorphisms detected per reaction is much higher than that revealed by RFLP or random ampli®ed polymorphic DNA (RAPD) analysis. Genomic DNA is digested with two endonucleases and site-speci®c adapters are then ligated to the DNA fragments. Primers complementary to the adapters and to the restriction sites are designed with selective nucleotides added to the 3 H ends of the primers; thus only DNA fragments with nucleotides¯anking the restriction sites that match the selective nucleotides of the primer are ampli®ed during PCR. Resolution of the resulting DNA fragments on standard sequencing gels allows the detection of AFLPs.
In this paper, we demonstrate the use of AFLPs in bamboo identi®cation as well as determining genetic diversity and relationships between bamboo species in the subtribe Bambusinae.
MATERIALS AND METHODS

Plant materials
Samples from fully expanded leaves of bamboo plants were collected from the Singapore Botanic Gardens (Table 1) and voucher specimens deposited at the herbarium of Singapore Botanic Gardens. At least three independent leaf samples were collected for each species, in order to account for any arti®cial ampli®cations. The leaves were surface sterilized using the procedure of Zhang, Wendel and Clark (1997) which was essential to remove fungi, which are closely associated with bamboos. 
DNA extraction
Plant DNA was extracted using the CTAB method (Reichardt and Rogers, 1993) .
AFLP analysis
AFLP analysis was carried out following Vos et al. (1995) except that the EcoRI primers used were not radioactively labelled as in the original protocol. Instead, a modi®ed silver staining method (Promega Corporation, Madison, USA) was used (Loh et al., 1999) . The ®nal PCR products were run on a 6% denaturing polyacrylamide gel in 1 Â TBE buer. The primer and adapter sequences are shown in Table 2 .
Data analysis
For the diversity analysis, bands were scored as present (1) or absent (0). A square symmetric matrix of similarity was then obtained using Jaccard's similarity coecient [a/(nÀd)], where a is the number of fragments in common between two cultivars, n is the total number of fragments scored and, d is the number of fragments absent in both cultivars (Dudley, 1993) . Genetic diversity estimates (GDEs) were then calculated as 1 minus Jaccard's similarity coecient and used for cluster analysis using the unweighted pair group method of arithmetic averages (UPGMA) technique.
RESULTS AND DISCUSSION
Species identi®cation using AFLP markers
The degree and nature of polymorphism revealed by AFLP are depicted in Figs 1 and 2. The eight AFLP primer combinations used in this study generated 603 polymorphic bands (mean 75 . 3 per pair) across 15 species of bamboo, along with a total of 43 monomorphic bands. This compares favourably with RFLP analysis of Phyllostachys in which Friar and Kochert (1994) detected 380 polymorphic bands using 43 probe±enzyme combinations on 12 bamboo clones i.e. an average of approx. nine polymorphisms per probe±enzyme combination. The AFLP analysis of eight primer combinations on 15 species of bamboo was used to identify unique molecular markers for each species if possible. The relatively small number of primer combinations tested yielded unique molecular markers for all species except Bambusa tulda and Gigantochloa verticillata (Table 3) . Examples of unique molecular markers identi®ed are also depicted in Figs 1 and 2. The molecular markers identi®ed could be used to generate speci®c probes for the dierent species.
Genetic diversity between bamboo species
The 15 bamboo species examined belong to four genera, all in the subtribe Bambusinae. AFLP data from the analysis of eight primer combinations were also used to determine relationships between species within the subtribe. The similarity index generated using Jaccard's similarity coecient was converted to genetic diversity estimates (GDEs ; Table 4 ), which in turn were used for UPGMA cluster analysis (Fig. 3 ).
An interesting observation was the clustering of Gigantochloa atroviolacea with Bambusa lako (Timor Giant Black). These two species showed the highest similarity index. 
GDEs represent 1 À Jaccard's Similarity Coecient. Widjaja (1997) distinguished G. atroviolacea from sterile plants of Timor Giant Black based on vegetative morphology, and renamed Timor Giant Black Bambusa lako. However, she noted that¯owers and in¯orescences are needed for con®rmation of its generic identity. This is a classic example showing the need for molecular techniques which do not require reproductive structures for precise classi®cation. Our results and the UPGMA analysis indicate, from the high similarity index shared between G. atroviolacea and Timor Giant Black, that the two species are genetically very similar and suggest that Timor Giant Black belongs to the genus Gigantochloa. AFLP results also support the position of Thyrsostachys within the Bambusinae, as a genus distant from Bambusa and Gigantochloa as suggested by the molecular work of Watanabe et al. (1994) .
In the cluster analysis, the Bambusa species form two distinct clusters. Bambusa tulda, B. ventricosa and B. vulgaris form one cluster, while B. longispiculata, B. multiplex and B. textilis form the other. The two dierent clusters for Bambusa species suggest that the genus Bambusa is polyphyletic and highlights the potential of AFLP techniques in assessing the variation and relationships within the genus Bambusa.
The genus Gigantochloa is genetically less diverse with all species examined being placed together in a single cluster, diverging from the B. tulda, B. ventricosa, B. vulgaris cluster. The molecular study of Watanabe et al. (1994) However, the two Dendrocalamus species examined were very dierent, with D. brandisii falling within the Bambusa cluster and D. giganteus showing the least genetic similarity to any of the species of subtribe Bambusinae examined. The relationship between species within the genus Dendrocalamus is still not understood. One line of approach to this problem has been to split it into several genera (see Li, 1997) but currently the consensus is to use Dendrocalamus in the broad sense (Li, 1997; Wong, 1995) . At one extreme, some species are closely similar to species of Bambusa and there appear to be intermediate species (Li, 1997) . Molecular biology will be a powerful tool for resolving this problem.
In our study, the very dierent positions of the two Dendrocalamus species studied con®rms the wide range of variation within Dendrocalamus: D. brandisii clustered close within the Bambusa cluster. While D. giganteus clustered very distantly from the rest of the Bambusa and Gigantochloa species.
For Peninsular Malaysian species, Wong (1995) drew attention to two distinct groups within the genus Dendrocalamus, based on a combination of vegetative characters, in¯orescence morphology and¯owering behaviour. Wong (1995) also cited the work of Chou and Hwang (1985) , whose study on the chromatographic separation of phenolic compounds and electrophoretic isozyme patterns in Dendrocalamus distinguished four distinct groups within the genus. As Wong (1995) noted:`Dendrocalamus requires further critical study' and molecular biology holds great potential in assessing the relationships of Dendrocalamus species.
In conclusion, AFLP has been shown to be useful in studying the genetic similarity between bamboo species and genera as well as identifying molecular markers speci®c for particular species.
